We have developed an interferometric synthetic aperture incoherent imaging system at 94 GHz, in which a high-power electronic millimeter wave source (Gunn Oscillator) is integrated with a continuous-wave terahertz (THz) photomixing detection system to achieve a high signal-to-noise ratio. Imaging of a point source located 10 m away from the detector array is presented. Two-dimensional THz reflective images of an extended object with different shapes are reconstructed with only four detectors by use of rotational synthesis.
Introduction
Recently, terahertz (THz) imaging has attracted increased attention because of its application in security screening, medicine, and stand-off detection of explosives [1, 2] . Various techniques for THz imaging have been reviewed by Chan et al. [3] . The most popular THz imaging method, first demonstrated by Hu and Nuss [4] , uses THz pulsed time-domain spectroscopy (TDS). Using this method, two-dimensional (2-D) images are acquired on a pixel-by-pixel basis. Two-dimensional electro-optic imaging using continuous-wave (cw) radiation was reported by Wu et al. [5] . For this imaging method, THz radiation is generated by beating or mixing two near-infrared laser sources in a THz photomixer. The output THz frequency is given by the difference frequency between the two infrared sources. One of the limitations in applying either the THz TDS or cw photomixing systems to imaging is the requirement for phase coherency between the optical sources that both generate and detect THz radiation.
Over the past few years, a new method of THz imaging, called THz synthetic aperture imaging, has emerged. Synthetic aperture imaging methods are usually used in astronomy and radar ranging [6] . These methods utilize the THz phase and amplitude measured from multiple positions to reconstruct a THz image. Synthetic aperture THz impulse imaging, which is similar to optical holography, has been demonstrated by McClatchey et al. [7] . For this imaging method, a target is illuminated with pulsed THz, and a gated THz receiver records the scattered field. A frequency dependent amplitude and phase can then be extracted to reconstruct the geometric shape of the target. Some methods have been developed to solve the inverse problem of image reconstruction by numerically backpropagating measured scattered THz transients [8, 9] . O'Hara and Grischkowsky [10] [11] [12] developed synthetic phased array THz imaging methods that utilize arrayed optical mirrors to reconstruct field amplitude or energy density, diffraction-limited THz images. Recently, Löffler and his group [13, 14] developed a hybrid system that combines a high-power electronic THz source with a Ti:sapphire pulsed laser. Based on heterodyne detection, a 2-D reflected-amplitude image can be generated through a raster scan by moving the object by means of an x − y translation stage.
Rather than using a single detector and multiple mirror orientations as in the synthetic phased array approach or using two detectors based on raster-scan imaging, interferometric synthetic aperture imaging detects the THz electric field at multiple locations and then uses the correlated phase and amplitude of the electric field from various pairs of detectors to reconstruct the image. The synthetic aperture imaging method described here does not require the source to be phase coherent with the detector. Consequently, there is some flexibility in integrating a high power source with an independent detection array. In our previous study, we simulated THz interferometric images [15] and demonstrated one-dimensional imaging of a THz point source [16] and near-field correction of incoming THz wavefronts [17] . We expanded the technique and demonstrated 2-D THz images using only one THz detector placed at N positions to simulate the performance of an N-element detector array [18] . Recently, we achieved video-rate interferometric imaging of a point source using an array of four detectors [19] in which the imaging rate reached 62 frames=s. In the previous study [18, 19] , the same lasers that power the THz generation were also used for the detection process. Consequently, cw generation and detection of THz radiation was phase coherent.
Unlike the THz imaging system described in [18, 19] , the system described here does not require cw generation and detection of radiation to be phase coherent. Based on heterodyne detection, we configured a hybrid THz=millimeter wave system that integrates a relatively high power electronic millimeter wave source (Gunn Oscillator), which is just below the THz spectral range, into the cw THz photomixing detection system. There is sufficient sensitivity in the THz receivers to detect radiation at 94 GHz. This imaging system is capable of imaging a source at a distance of more than 10 m, thereby illustrating the potential of interferometric imaging for standoff detection when high power THz sources are available. In addition to improved stand-off imaging distances, the high power source enables the demonstration of 2-D interferometric imaging of an extended object. By analyzing the amplitude and phase signals for different pairs of detectors and performing the correlation of each baseline, we can successfully reconstruct 2-D images of an extended object with different shapes.
Terahertz Interferometric Synthetic Imaging Method and Detector Array Configuration
The detailed THz interferometric synthetic imaging theory was presented earlier [15] [16] [17] [18] [19] . Here, we show only the main formulas of this method; the dependence of image quality on the U-V data distribution is discussed. In synthetic aperture imaging, the THz electric field is detected simultaneously at multiple locations using an array of individual THz detectors. A correlation of the electric field is calculated for each pair of detectors in the array. Each correlation provides one spatial Fourier component in the Fourier transform (U-V) plane that contains the target information. Finally the image of the target is reconstructed through Fourier inversion using the U-V data of all the different detector pair combinations. Higher image quality can be achieved through a larger number of U-V points. Unlike a focal plane array, geometry in which the detectors are evenly spaced in the interferometric array, it is better to space the receivers in an aperiodic arrangement, leading to more complete coverage of the U-V plane and, consequently, more nonredundant Fourier components in the reconstructed images.
The 2-D image is generated through Fourier inversion:
where N is the number of the detectors. There are NðN þ 1Þ=2 pairs of detectors to be correlated, which corresponds to NðN þ 1Þ=2 U-V points in the Fourier transform plane. μ l and v l are baseline components between the detector pair m and n, which can be expressed as differences of coordinates: μ l ¼ ðx n − x m Þ and v l ¼ ðy n − y m Þ. A l and Δϕ l are the correlated amplitude and phase of detector pair m and n, which can be expressed as A l ¼ E m E n and Δϕ l ¼ ϕ m − ϕ n , respectively. ξ ¼ x 0 =Z 0 and η ¼ y 0 =Z 0 are the angular coordinates for point ðx 0 ; y 0 Þ on the source surface. Z 0 is the distance between the source and the detector array.
The angular resolution of a planar array can be approximately expressed as
where b is the baseline length of the imaging array and λ is the THz wavelength. At a distance Z 0 away, the lateral spatial resolution is
In our current experiment, only four THz receivers are used. 
There are NðN þ 1Þ=2 ¼ 6 unique baselines [shown in Fig. 1(b) ], but there are twice this many points that are due to symmetry [shown in Fig. 1(c) ].
Using this geometric arrangement, we obtain the image of a point source at various distances. Because of the limitation of coverage of the U-V plane, the array responds optimally only to a specific range of spatial scales. More complete U-V coverage is required for a wider range of shapes. Efficient U-V plane coverage with four detectors can be achieved by rotating the detector array. Figure 2 shows the row geometric arrangement of four individual detectors at Cartesian coordinates ð−56 mm; 0Þ, ð−27 mm; 0Þ, ð28 mm; 0Þ, and ð42 mm; 0Þ and the corresponding distribution of U-V points before rotation.
After rotating around the receiver center at 10 deg intervals up to 170 deg, the equivalent number of baselines will increase from 6 to 108, which will dramatically improve the quality of the image. Figure 3(a) shows the equivalent detector arrangement; Fig. 3(b) shows U-V sampling accumulation after 18 rotations.
Experimental Results

A. Experimental Setup
The experimental setup for the hybrid cw interferometric imaging system is sketched in Fig. 4 . The radiation source is a mechanically tuned Gunn Oscillator (GDM, Millitech, Northampton, Massachusetts) followed by a power amplifier (AMP, Millitech) with 8:5 dB gain. The source consists of a 94 GHz Gunn Oscillator with an output power of 50 mW. After amplification, the radiation is launched by a horn antenna with an output power of 354 mW. The cw 94 GHz radiation is detected by photomixing at the beat frequency of two distributed feedback (DFB) diode lasers (DLs) (DC110, TOPTICA Photonics, Munich, Germany) operating near 852 nm. In this experiment, the DFB lasers are detuned by 94 GHz to match the source. The output of the DFB lasers is evenly split by the first pair of beam splitters and then combined using the second pair of beam splitters. The combined beam is coupled into polarization-maintaining optical fibers using FiberPort collimators (PAF-X-5-A, Thorlabs, Newton, New Jersey) and finally delivered into four THz receivers. The receivers are low-temperature grown GaAs bowtie-type photoconductive dipole antennas (PDAs). Approximately 20 mW of optic power is used to excite the THz receiver. A bias of AE12 V DC is applied to power the receiver electronics.
Note that there is no adjustable phase or path length delay in the cw opto-electronic THz detection hardware. The GDM source is phase incoherent with respect to the receiver. Moreover, there is no active frequency locking of the GDM source to the beat frequency of the DFB lasers. Our previous demonstration of 2-D interferometric imaging [19] utilized a phase coherent PDA THz transmitter rather than an electronic high power source.
The high output power of the source dramatically improves the signal-to-noise ratio (SNR) in comparison with our previous results. An object is illuminated by the 94 GHz radiation with a portion of that radiation reflected toward THz detector array. To increase the number of baselines, the object is mounted on a computer-controlled rotation stage and rotated around the origin point in 10 deg intervals up to 170 deg to simulate the rotation of the detector array. For practical reasons, we rotated the object instead of the detector array: it is difficult to rotate the array while maintaining fixed relative positions of the detectors since the individual detectors are sensitive to the polarization of the incoming THz radiation. We used a multichannel digitizer (DAP5400a, Microstar Laboratories, Bellevue, Washington) to collect the data from four detectors simultaneously. The digitizer acquired 14 bit data at 256 Ksamples/s on each of four channels. The sampling rate is set to 128 kHz. The amplitude and phase information of each individual receiver before correlation was obtained by fast Fourier transform onboard digital signal processing capability.
B. Stand-Off Detection of the Image of the Terahertz Source
To detect a THz signal, the beat frequency of two DFB lasers should match the frequency of the source (0:094 THz). The source bandwidth is ∼20 MHz, and the electronic bandwidth of the THz PDA receiver is approximately 1 MHz. The 1 MHz electronic bandwidth corresponds to the intermediate frequency (IF) bandwidth of the optical heterodyne THz PDA receiver. For our experiments, the frequency of the source is fixed while we vary the difference frequency of the DFB lasers to tune the cw photomixing receiver to 94 GHz. As the detection array is tuned closer to the frequency of the source, the detected signal from the PDA within the 1 MHz detection bandwidth increases. Figure 5(a) shows the IF spectrum of the 1 MHz bandwidth the PDA receiver captured with a digital spectrum analyzer. Different lines correspond to various frequency detunings of the detected THz frequency relative to the frequency of the source.
As the beat frequency of the two lasers approaches the frequency of the source, the detected signal in the 1 MHz bandwidth increases. The lasers are tuned to maximize this signal amplitude. For reconstruction of the image, the output of each detector is digitized. A sample Fourier transform of the digitized waveform from one detector is shown in Fig. 5(b) . The top line corresponds to tuning the source and the cw photomixing array to a maximum signal and the bottom line corresponds to a large (>20 MHz) detuning of the source and detection frequency.
The previous THz video-rate imaging system described in [19] used a phase modulator that operated at 100 kHz, which was inserted into the optical path. To reconstruct the video-rate images, only the point at 100 kHz in the sample spectrum was collected to obtain the amplitude and phase information. However, the imaging system described in this paper does not require a phase modulator. With the sampling rate at 128 kHz, the whole band signal (including phase and amplitude) is integrated and then averaged over the whole bandwidth of the detector to perform image reconstruction. This signal processing dramatically improves the stability of the correlation phase of the baseline and hence the stability of the reconstructed image in comparison with our previous results [19] .
From Fig. 5 we can see that the SNR has increased from 12:4 dB [ Fig. 5(c) ] as acquired from our previous coherent detection system [19] to 45:7 dB [ Fig. 5(b) ] due to the integration of a high power source with the cw photomixing system. The high SNR improves the stand-off distance for imaging. We demonstrated stand-off imaging distances of 10:3 m with this apparatus. The imaging distance is currently limited by the available laboratory space. Figure 6 shows the comparison of the experimental reconstructed images of the GDM source (top row) at various distances (10.3, 7.4, and 1 m) with the corresponding simulation results (bottom row). Only four receivers with a spiral configuration (refer to Fig. 1 ) are used to reconstruct images of the pointlike source. The image also shows a periodic pattern or sidelobes that are due to the small number of baselines. The reconstructed experimental images and sidelobe distribution are in good agreement with the simulation. Note that, as the distance between the source and the imaging array increases, the apparent width of the point source increases since the angular resolution of the imaging array [Eqs. (2) and (3)] remains fixed. To achieve longer imaging distances, several mirrors are applied in the system (both 7.4 and 10:3 m) to reflect the radiation. We suspect that the slight distortions in the reconstructed image relative to the simulated image for the 10 m stand-off could be due to slight misalignments in the mirrors that deliver the 94 GHz radiation to the imaging array.
According to the detector array configuration and U-V data coverage analysis discussed above, the image of the target with a rectangular shape should be achieved. At this spiral configuration, the spatial resolution range could be calculated, which is 45:3 mm for the smallest baseline and 27:8 mm for the largest baseline [refer to Eq. (3)]. This requires that the size of an imaging target should be between 27 and 45 mm. Also the target shape should match the distribution of U-V points for better results. Figure 7 shows both the simulation and the experimental image of an aluminum foil target in the shape of a rectangle. The size of the target is 20 mm by 40 mm with the detection array located 640 mm from the target.
Clearly, to image extended 2-D images with an arbitrary shape, six baselines corresponding to only four detectors are not sufficient. One needs to increase the number of baselines, for example, by increasing the number of THz detectors in the array. Since only four detectors were available, the number of baselines was increased through rotational synthesis. The numbers of U-V data points (refer to Fig. 3) were increased by rotating the target in 10 deg intervals up to 170 deg. To optimize the U-V coverage, we chose the four receivers to be collinear at the row positions (refer to Fig. 2 ) before rotation.
Ideally, one would like to rotate the detector array rather than the target. However, rotation of the de- tector array would be difficult to implement because of the sensitivity of the detectors to the polarization of the incoming radiation. Rotation of the target should give equivalent results assuming that (a) the target is uniformly illuminated and (b) the rotation axis of the target corresponds to the origin of the detector configuration shown in Fig. 2(a) . Figure 8(a) shows the simulated image of reflected radiation from aluminum foil in the shape of a cross. The object size is 90 mm by 90 mm for the longest dimension in the horizontal and vertical directions, whereas the image distance is 700 mm. Figure 8(b) shows the reconstructed image from experimental data. Although the distortion of the experimental image could be caused by the two conditions mentioned in the previous paragraph, we suspect that the dominant source of distortion is the inherent uncertainty in positioning the rotation axis of the target through the origin of the detector array. Errors in the alignment of the rotation axis will introduce uncertainties in the u and v spatial frequencies and consequently errors in the reconstructed image of Eq. (1).
Conclusion
In summary, we have demonstrated a hybrid continuous-wave interferometric imaging system that integrates a millimeter wave source with terahertz photomixing detectors. By use of a high power electronic source (94 GHz Gunn oscillator), this system can image a source at a distance of more than 10 m, demonstrating the promise of interferometric imaging for THz stand-off detection after high power THz sources are developed. Also, by analyzing the amplitude and phase signals for different pairs of detectors and performing the correlation of each baseline, we successfully reconstructed 2-D images of an extended object (aluminum foil) with different shapes. The object is rotated around the fixed axis in 10 deg intervals up to 170 deg to achieve notational synthesis to effectively increase the number of baselines.
